Abstract A total of 85 PM 2.5 samples were collected at a site located in a large industrial zone (Porto Marghera, Venice, Italy) during a 1-year-long sampling campaign. Samples were analyzed to determine water-soluble inorganic ions, elemental and organic carbon, and levoglucosan, and results were processed to investigate the seasonal patterns, the relationship between the analyzed species, and the most probable sources by using a set of tools, including (i) conditional probability function (CPF), (ii) conditional bivariate probability function (CBPF), (iii) concentration weighted trajectory (CWT), and (iv) potential source contribution function (PSCF) analyses. Furthermore, the importance of biomass combustions to PM 2.5 was also estimated. Average PM 2.5 concentrations ranged between 54 and 16 μg m , levoglucosan, EC, and OC) were used as proxy for the biomass burning estimation, and the contribution to the OC and PM 2.5 was also calculated by using the levoglucosan (LG)/OC and LG/PM 2.5 ratios and was estimated to be 29 and 18 %, respectively.
Introduction
In 2013, outdoor air pollution and airborne particulate matter (PM) have been classified as human carcinogens (group 1) by International Agency for Research on Cancer (IARC). Elemental (EC) and organic (OC) carbon are major PM components and are ubiquitous in the Earth's troposphere. It was estimated that carbonaceous species contribute from ∼10 to 70 % to fine mode particulate matter (PM 2.5 ) (Kanakidou et al. 2005; Fuzzi et al. 2006) : In European rural, urban, and kerbside sites, EC ranges from 5 to 21 %, while OM (organic matter expressed as 1.4*OC) from 15 to 26 % of PM 2.5 (Putaud et al. 2010) . The European Directive 2008/50/EC Responsible editor: Constantini Samara Electronic supplementary material The online version of this article (doi:10.1007/s11356-016-7987-0) contains supplementary material, which is available to authorized users. (EC 2008) has included EC and OC as parameters to be monitored all over Europe.
Combustions are recognized as one of the main impacting sources of worldwide airborne pollution (Gaffney and Marley 2009) and mainly emit carbonaceous material in both gaseous and aerosol phases (Andreae and Merlet 2001) . The combustion of biomasses (biomass burning (BB)) is among the main sources of carbonaceous PM, along with fossil fuel and industrial emissions. BB involves a large number of potential sources and fuels, e.g., wildfires (Knorr et al. 2012) , savanna/forest fires (Ofosu et al. 2013) , agricultural burning of crop residues (Hays et al. 2005) , domestic (Akagi et al. 2011) , and many other open fires (Lemieux et al. 2004 , and references therein). BB emissions have several adverse implications on human health (e.g., Laumbach and Kipen 2012; Kodgule and Salvi 2012) , visibility, and global climate (Keywood et al. 2013) .
Generally, BB aerosol consists in a non-uniform mixing of high molecular weight organics, soot, and potassium (e.g., Lee et al. 2015) . Some compounds are usually used as tracers for BB: Water-soluble potassium (K + ), 1,6-anhydro-β-D-glucopyranose (levoglucosan), and even organic carbon are the most widely used ones (Simo neit et al. 199 9) . Levoglucosan, as well as other anhydrosugars, is formed during pyrolysis of materials containing cellulose (present in every type of wood) and hemicellulose at high temperature (>300°C) (Simoneit et al. 1999; Puxbaum et al. 2007 ): For this reason, it is a good BB tracer. On the contrary, potassium should be used with caution: Although it is largely emitted by BB, it also derives from other different sources, such as crustal dust, sea salt, coal usage, waste incinerators, and others (Duan et al. 2004; Wang et al. 2007; Caseiro et al. 2009; Giannoni et al. 2012; Mkoma et al. 2013) .
In Europe, BB emissions are generally released into the atmosphere from wild fires (especially in Southern Europe), from agricultural fires (in Eastern Europe), and from fireplaces and wood stoves (in Central and North Europe) (Caseiro et al. 2009 ). However, in countries where agriculture is an important economic sector, the combustion of biomass (e.g., agricultural waste, etc) results an important source of particulate matter (Maenhaut et al. 2012; Mkoma et al. 2013; Vassura et al. 2014) .
The Po Valley (N Italy) is one of the remaining hotspots for air quality in Europe, i.e., some European standards for air quality are not always met (including PM 10 and PM 2.5 ). Although a large number of studies have been performed for investigating the main sources of PM in Po Valley (e.g., Bernardoni et al. 2011; Perrone et al. 2012; Masiol et al. 2014a; Tositti et al. 2014) , data on BB are still incomplete. This lack of data represents a serious gap, since recent studies have reported that biomass combustion causes a significant increase of air pollution (Vecchi et al. 2008; van Drooge and Perez Ballesta 2009; Piazzalunga et al. 2010 Piazzalunga et al. , 2011 Belis et al. 2011; Giannoni et al. 2012; Perrone et al. 2012; Piazzalunga et al. 2013a,b; Masiol et al. 2014b; Khan et al. 2016) , and the use of softwood (i.e., pellets, briquettes, logs, and chips) is becoming a renewable alternative to replace the use of methane (Pignatelli et al. 2008; Pastorello et al. 2011) .
In the Veneto region (NE Italy), wood consumption for domestic heating and cooking was estimated to reach ∼2 million t/year (Francescato and Antonini 2010; ARPAV 2015) . However, the burning of weeds and twigs deriving by mowing, pruning, or cleanups of agricultural land and forest is a very common technique in Italy, and its estimation is problematic. This is partially due to uncertainties in estimating the amount of burned biomasses since ∼56 % of wood biomass are self-produced (38 %) or traded/sold between private individuals (18 %) (ARPAV 2015) .
This study aims to investigate the potential local and external contributions of BB sources to PM 2.5 in an industrial zone included in a large urban settlement of Northern Italy. PM 2.5 samples have been collected at an industrial site close to an important urban area (Mestre and Venice) during a 1-yearlong sampling campaign. A total of 85 samples were selected to represent cold and warm periods and analyzed to determine water-soluble inorganic ions (Cl ), carbonaceous components (EC, OC), and levoglucosan. Data have been processed to investigate the seasonal behavior and the relationship among analyzed species and to evaluate the importance of BB in the study area. The main goal of this study is to define the influence of biomass burning to air quality, at first by using inorganic ions and carbonaceous species (levoglucosan, EC, OC, and TC), then by estimating the biomass burning contribution on OC and PM 2.5 levels. Moreover, conditional probability function (CPF), conditional bivariate probability function (CBPF), concentration weighted trajectory (CWT), and potential source contribution function (PSCF) analysis have been used to estimate the most probable emitting locations of biomass burning compounds and external contributions.
Area of study
The Venice conurbation is located in the northeastern part of Italy, in the Po Valley (Fig. 1) . It counts more than 270,000 inhabitants, most of them concentrated in Mestre on the mainland. The sampling station was located at Malcontenta within the industrial district of Porto Marghera (lat. N 45.4382-long. E 12.2055 ). This site is included in the monitoring network of the regional environmental agency (ARPAV) and is placed close to the industrial settlement. The main facilities of the industrial area include thermal power plants, chemical and metallurgical works, and oil refineries. Since this area is included in the conurbation of Mestre, the site is also influenced by typical urban sources (e.g., domestic heating during cold period, light duty vehicle emissions) and emissions from heavy traffic coming from the A57 (part of the E70 connecting Barcelona to Kiev) and E55 (Helsingborg-Kalamáta) motorways. Previous studies showed that all these sources clearly affect the air quality in Venice, by varying the PM mass and its chemical composition (PAHs, inorganic ions, and elements) (Masiol et al. 2012a,b; Squizzato et al. 2014; Masiol et al. 2014a) . Unfavorable weather conditions and orographic features cause pollutant accumulation in the study area, so that the European limits for PM 10 and PM 2.5 are frequently exceeded (Masiol et al. 2012c ).
Experimental methods

Sampling campaign and analytical methods
Details of the sampling procedures were given elsewhere (Squizzato et al. 2012 Two aliquots were punched from each filter for the analysis. The first one (1 or 1.5 cm 2 ) has been analyzed by the Sunset Lab OC-EC Aerosol Analyzer (thermal optical transmittance (TOT) method) for OC and EC. In the present study, the NIOSH 5040 protocol (US EPA 2003) was used. Analyses were carried out by following the procedure of carbon speciation established by Birch and Cary (1996) .
The second one (1 cm 2 ) has been analyzed for levoglucosan and ions following the procedure described in Piazzalunga et al. (2010 Piazzalunga et al. ( , 2013b and references therein with an ion chromatograph (Dionex) equipped with an Ion Pac AS14A (Dionex) column for anions (Cl The quality and accuracy of quantitative analyses were systematically checked by analyzing the standard reference material SRM1649a and 1648 (NIST, USA). The recovery of each analyzed compound was >75 %.
Conditional probability function and conditional bivariate probability function
In order to evaluate the most probable source area of PM 2.5 , LG, OC and K + , the CPF and CBPF (Uria-Tellaetxe and Carslaw 2014 and references therein) were performed for cold and warm periods by using the BOpenair^package. Meteorological data have been provided by Ente della Zona Industriale di Porto Marghera.
CPF is an important tool to identify a source area by estimating the probability that a pollutant species exceeds a specified value within a particular wind sector (Uria-Tellaetxe and Carslaw 2014). In this study, the 75th percentile has been used as threshold value.
The CBPF adds more information on the nature of the sources (or chemical species), because each source type can be influenced by wind speed. In this view, wind speed represents a third variable which is coupled to ordinary CPF (Uria-Tellaetxe and Carslaw 2014). ) of cold and warm periods Back trajectories, CWT, and PSCF computation Back trajectory analysis allows to indicate the origin of an air mass investigating the potential effects of long-range transports (Abdalmogith and Harrison 2005) . This method traces the history of air masses passing over a geographical area at a defined time (Squizzato and Masiol 2015) . In this study, back trajectory analysis was realized using Openair package in R (Carslaw 2015) considering the density of air masses (i.e., where the air masses spent most of their time) on precalculated back trajectories using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph 2015; Rolph 2015) . Our model setup parameters included 4 days (−96 h) run time, starting height of 20 m AGL, and GDAS data fields. In this work, back trajectories were used to investigate two episodes of high OC, LG, and K + concentrations occurred during the cold period.
External contributions due to long-range transport processes were evaluated by applying CWT, a trajectory statistical method (TSM) based on back trajectory analysis. CWT approach is a method that combines weighting trajectories with concentrations (Hsu et al. 2003) . In each grid cell, each concentration is used as a weighting factor to evaluate the residence times of all trajectories, and then, it is divided by the cumulative residence time from all trajectories (Cheng et al. 2013) .
PSCF model is able to identify locations of sources that influenced aerosol concentrations over the study area. PSCF allows to obtain values combining aerosol composition data with air parcel back trajectory calculations. This method is a conditional probability that an air parcel with a specific pollutant concentration arrives at a receptor site after having passed through a specific geographical area (Biegalski and Hopke 2004) . In this study, PSCF model was applied to investigate the source regions of LG/OC, K + /OC, and OC/PM 2.5 which are the most important biomass burning indicator.
Results and discussion PM 2.5 mass and its ion composition ) are not met, and PM 10 regulatory daily limits exceeded, because of local weather conditions and external transport, especially in winter season (Traversi et al. 2008; Fattore et al. 2011; Masiol et al. 2015 . Total ions represented 15-53 % of PM 2.5 (annual average 31 %), and the most abundant ion was nitrate with an average of 44 % of total ions, mostly present during winter time. The second most abundant ion was sulfate 29 % (28 % non-sea salt (nss-SO 4 2− )) followed by ammonium 14 % and both potassium and chloride 4 %. The reaction between gaseous HNO 3 and marine NaCl leads to a decrease of Cl − concentrations during warm period caused by its volatilization as HCl (Aldabe et al. 2011) . Obtained data for SO 4 2− were similar to those found by Masiol et al. (2015) : No seasonal trend was observed. Nevertheless, the oxidation of SO 2 to SO 4 2− due to summer solar radiation is responsible for its increase during the warm period rather than during the cold one (Aldabe et al. 2011 ). On the contrary, lower values for NO 3 − levels are recorded during summer because the formation of gaseous HNO 3 is favored and a negative artifact during sampling cannot be excluded (Vecchi et al. 2009; Aldabe et al. 2011) . A seasonal trend was observed for NH 4 + confirming that during summer, the reaction between ammonium and NaCl gives volatile NH 4 Cl (Aldabe et al. 2011 ).
Concentrations of OC, EC, and levoglucosan (carbonaceous species)
As reported in Table 1 , the higher concentrations of LG, OC, EC, and TC (TC = OC + EC) were detected during the cold period, while lower mean concentrations were observed during the warm period. Both meteorological factors and source variations can explain the same seasonal trend of carbonaceous species and PM mass (Mkoma et al. 2013) . A Spearman correlation was applied, and all these compounds were significantly correlated at p < 0.05 during the cold period (0.64 < r s < 0.98), while during the warm period, the significant correlation was lower (0.46 < r s < 0.97) with the exception of LG which resulted non-correlated (Table SI1 ). The concentration of levoglucosan ranged from close to 0 to 2.66 μg m , with an average value of 0.66 μg m −3 and an amount of 1.2 % in the PM 2.5 . Levoglucosan annual cycle was also demonstrated in previous studies: It is quite stable during the winter period and has a significant decrease during summer due to photochemical processes (Hoffmann et al. 2010 ) and were comparable to those observed in the Lombardy region (Piazzalunga et al. 2010 . This underlines that in the area of Venice-Mestre, wood is still used as heating material in domestic and/or industrial heating, especially in winter. As reported by Giannoni et al. (2012) , lower levoglucosan concentrations during the warm period could represent background levels and could be caused by long-range transport of pollutants, dry vegetation, and/or agricultural biomass combustion. TC accounted for 36 and 23.4 % of the PM 2.5 mass in cold and warm periods, respectively. TC concentrations ranged from 1.5 to 48.7 μg m −3 , with an average of 12.1 μg m −3 . Among the carbonaceous components, OC was the most abundant, accounting for 78.4 % of TC and 28 % of PM 2.5 during the cold period and 62 % of TC and 14 % of PM 2.5 in the warm period. The mean value was 9.4 μg m −3 in a range between 0.9 and 41 μg m . During this sampling period, the abundance of OC in PM 2.5 varied from 8.5 to 40 %, with an average of 21.5 %. EC constituted around 9 % of the total PM 2.5 mass and 38 % of the TC during the warm period, while represented around 7.8 % of PM 2.5 and 21.5 % of the TC during the cold period.
EC/TC and OC/EC ratios
Sudheer and Sarin (2008) discussed the EC/TC ratio as a way to distinguish fossil fuel and biomass burning sources. In addition, this ratio could identify emissions also from different types of biomass burning (Andreae and Merlet 2001) . Engling et al. (2011) reported a value of 0.23 ± 0.10 for PM 2.5 in Tengchong County impacted by biomass burning activities; our ratios were 0.22 ± 0.06 and 0.38 ± 0.06 during cold and warm periods, respectively, reaching the highest values in summer and following a clear decrease in winter. This behavior was also observed in Amsterdam by Viana et al. (2007) , who related it to wood burning emissions characterized by low EC/TC ratios during the cold period and cited Zdráhal et al. (2002) as a confirmation.
The use of EC and OC relationship can be useful to distinguish their origin (Turpin and Huntzicker 1995; Xu et al. 2012) . EC may be used as a tracer for primary emissions of carbonaceous compounds; for this reason, variations of the OC/EC ratio range can be considered as an indicator, because it may identify changes in emission sources, source areas, or processes (Viana et al. 2007) . In this study, the mean OC/EC ratio for the cold period was 4 ± 2 (range 1.8-10.1), while 1.7 ± 0.5 (range 1.1-3.3) for the warm one. The annual range was comparable with that of 0.6-8.4 and 0.7-15.4 reported by Giannoni et al. (2012) and Khan et al. (2016) , respectively, while other Italian OC/EC values were in a range of 4.0-5.6 in Genoa, 4.3-13.4 in Florence, and 4.5-8.2 in Milan (Vecchi et al. 2008) . With respect to this study, similar winter OC/EC mean ratios were obtained by Viana et al. (2007) : 4.7, 3.1, and 4.4, while higher values (2.8, 2.6, 3.5) were observed during the summer period in Amsterdam, Barcelona, and Ghent, respectively.
The temporal variation (Fig. 2) , with high OC/EC values during cold period and lower during the warm one, was observed also in other studies (e.g., Lonati et al. 2007; Khan et al. 2016) . High OC/EC ratios could underline the influence of biomass burning sources (Ram and Sarin 2010) or the formation of secondary organic aerosol (SOA, Chow et al. 1994 ; ) 3 ± 2 0.6-7.7 4 ± 2 0.7-7.7 1.4 ± 0.5 0.6-2.5 TC (μg m −3 ) 12 ± 11 1.5-48.7 20 ± 11 3.8-48.7 4 ± 1 1.5-6.8
LG ( Turpin and Huntzicker 1995). During winter, when the highest ratios were observed, several factors can lead to higher OC concentrations compared to EC: (i) lower temperatures, which promote the aerosol particle phase of organic compounds; (ii) higher local contributions from household heating systems or biomass burning, which characterize colder months; and (iii) lower mixing layer heights that enhance the SOA formation due to the accumulation of gaseous precursors (Viana et al. 2007; Vecchi et al. 2008; Li et al. 2012 ). In addition, the strong daily variability in winter, due to local contributions, may increase the OC values, whereas regional-scale SOA during summer leads to homogeneous contributions and to lower OC variability (Viana et al. 2007 ). Figure 2 shows linear regressions between OC and EC: Different EC-OC coefficients of determination (R 2 = 0.53 and 0.42) were obtained during cold and warm periods, respectively. These results suggest the presence of different sources for EC and OC especially in summer, when the relative rates of OC and EC releases are less proportional to one another.
Relationships among biomass burning indicators
During combustion processes, K + and Cl − content in the fluids of plants volatilize and, due to nucleation or condensation reactions, are converted into the particulate phase (Alves et al. 2010) . Hence, during biomass combustion, great quantities of K-rich particles are released, because this ion is considered the major electrolyte of the cytoplasm. This is the reason why high K + levels normally characterize biomass burning source, while fossil fuel emission produces little K + (Pio et al. 2008; Satsangi et al. 2012; Mkoma et al. 2013 ). Consequently, K + /EC and K + /OC ratios can be used to distinguish biomass burning emissions from other sources as fossil fuel combustion (Duan et al. 2004; Satsangi et al. 2012; Vicente et al. 2013) . Unfortunately, to our knowledge, in Venice-Mestre area, there are no reported values of ratios of such chemical species from biomass burning, whereas few are reported for the Po Valley Piazzalunga et al. 2011) . (Andreae and Merlet 2001) . A good significant Spearman's correlation (at p < 0.05) was obtained between K + and OC during the cold period (r s = 0.91), revealing that the OC origin is linked to biomass combustion (Mkoma et al. 2013 ). On the other hand, a low but also significant Spearman's correlation was observed during the warm season (r s = 0.49). A similar result was obtained for the K + /EC correlation: Good significant Spearman's correlation (at p < 0.05) during cold period (r s = 0.77) and insignificant during the warm season (r s = 0.25). Cl−/EC ratio was also calculated. Obtained data were 0.2 ± 0.2 as a mean value of cold period (range close to 0-0.96) and 0.05 ± 0.1 as a mean of warm period (range 0.016-0.62). Ferek et al. (1998) and Yamasoe et al. (2000) reported Cl − /EC ratios of 0.44 and in a range 0.15-0.17, for cerrado fires in Brazil, while a higher value equal to 2.39 was obtained by Andreae et al. (1998) for savanna fires in Africa. This discrepancy could be caused by the influence of industrial emissions, sea salt aerosol, etc., which may enormously increase this ratio (Yamasoe et al. 2000; Saud et al. 2013) .
However, two episodes, that occurred on 7 June and on 5 September, were characterized by high values of K + /OC and The ratio for nss-SO 4 2− /EC was found to be 1.0 ± 0.7 and 2.5 ± 1.6 for cold and warm periods, respectively, with an annual average of 1.7 ± 1.4, while nss-SO 4 2− /OC ratios were 0.26 ± 0.19 during the cold period and 1.4 ± 0.8 during the warm one, with an annual average of 0.8 ± 0.8. These ratios were higher than those found in the literature (Mkoma et al. 2013; Pipalatkar et al. 2014) . Only Sudheer and Sarin (2008) reported a ratio of ∼15 for nss-SO 4 2− /EC recorded in Bay of Bengal. Similarly, NO 3 − /EC and NO 3 − /OC were found to be 2.7 ± 3.3 and 0.6 ± 0.4 during cold period, while 0.5 ± 0.4 and 0.3 ± 0.2 during summertime, respectively. NO 3 − /EC ratio recorded in this study during warm period was similar to those found by Pipalatkar et al. (2014) . However, our NO 3 − /EC and NO 3 − /OC ratios were higher than those calculated by Gillies et al. (2001) from road tunnel aerosol which were 0.13 and 0.17, respectively, in PM 2.5 , suggesting the influence of biomass burning to our receptor site.
Both K + and levoglucosan are recognized markers of biomass combustion (Fraser and Lakshmanan 2000; Mullaugh 
Conditional probability function
Results of CPF and CBPF are shown in Fig. 3 . During the cold period, higher probabilities in CPF plots (Fig. 3a) are reached for PM 2.5 , OC, LG, and K + toward south and southeast. In the warm period (Fig. 3b) , CPF plots highlight higher probabilities for wind blowing from the northwest sector, i.e., in the direction of the mainland characterized by the conurbation of Mestre and the farmland.
In the bivariate polar plots (CBPF), interesting features can be seen. They show that significant profile contributions are associated with low wind speed conditions (<∼2 m s ) from the northwest sector (rural area), indicating that biomass combustion can be an important local source of pollution (Fig. 3a) . However, the high wind speed (>3 m s −1 ) from north, from northwest, and from southeast, in the cold and warm period, respectively, could suggest a probable external contribution for PM and biomass burning tracers (Fig. 3a, b) . Figure 4 shows the frequency of back trajectories calculated over the study period. Most trajectories originate over the eastern part of the Po Valley, indicating that the influence of long-range transport on aerosol composition could be negligible rather than the regional origin.
Potential contribution of long-range transport
The analysis of the potential effects of long-range transport on a regional scale through the CWT model clearly indicates some predominant source areas for potential transboundary transport. During the cold period, OC, LG, and K + appear influenced by high external contribution when air masses are coming from Central Europe (Fig. 5) . Moreover, an increase in LG concentration can be also observed for air masses coming from East Europe, highlighting a widespread distribution of this species.
In the warm period, K + concentrations appear not influenced by external transport, whereas OC shows the highest concentration from the warmer European area. This feature can be related to the presence of OC as secondary organic aerosol, which is more easily formed in conditions of high temperature and intense solar radiation, that enhances photochemical reactions .
LG shows the highest concentration over the Alpine area, where the biomass burning is common throughout the year. In a recent study conducted by ARPAV, the largest use of biomass in the Veneto region was observed in the Belluno province, which is located in the Alpine area (ARPAV 2015) .
Single high-polluted episodes have also been investigated. Two episodes of high OC, LG, and K + concentrations occurred during the campaign: (1) from 8 to 12 January and (2) from 12 to 15 January. Figure 6 shows the single back trajectories associated with the daily concentration of OC, LG, and K + in order to explain if the origin of high pollutant concentrations may be local or due to long-range transport. Both episodes showed that the passage of back trajectories over the central-eastern part of Europe could promote the enrichment of air masses with pollutant species, having in this way a high impact over the eastern Po Valley.
The PSCF results calculated on the ratio of the most important biomass burning indicators are shown in Fig. 7 . All the considered ratios showed large variability both in the whole period and the seasons. During summer, the OC/PM 2.5 and LG/OC ratios show the highest probabilities over the Austria, Hungary, and Slovenia, with a probable contribution of LG/OC also from the North Sea. Different behavior was observed for K + /OC which is present over central Italy and mostly over Tunisia and Algeria. During winter time, the major source of LG/OC could be firstly the Mediterranean area and secondly the Alpine region of the Northeast Italy. The OC/PM 2.5 source area is more distributed over the Eastern-Central Europe, while K + /OC is more located over the study area and Dolomites. On annual base, LG/OC and K + /OC are mostly localized over the Alps, while OC/PM 2.5 in the Eastern Europe. The use of tracers can be an important tool to define the source identification. Since levoglucosan is considered a good tracer for biomass burning activities, it was used in this study to evaluate the biomass burning contribution to OC and PM 2.5 . In particular, the most considered tool is the LG/OC ratio (Zhang et al. 2008; Mkoma et al. 2013) . In Beijing, Zhang et al. (2008) recorded a LG/OC ratio of 2.1 % as annual average in PM 2.5 , while Mkoma et al. (2013) a value of 3-4 % in PM 2.5 and PM 10 for Tanzania. On the other hand, considering some European studies, LG/OC mean values during fall-winter seasons were in the range of 1-8 % (Giannoni et al. 2012; Elsasser et al. 2012; Crilley et al. 2015; Pietrogrande et al. 2016 ). In our study, the mean LG/OC ratio of all sampling Fig. 6 Single back trajectories during two high concentration events of biomass burning indicators period was 4 ± 5 %, with a decrease from cold to warm periods. During winter, the mean LG/OC ratio was 8 ± 3 % (range 0.4-13 %), and it was close to 0 in summer. However, large variability of this ratio can be caused by combustion efficiency/conditions, technologies, or composition of burned fuel (branches, leaves, wood, etc.) ).
The LG/PM 2.5 ratio calculated for all period was 1.2 ± 1.4 %. During cold season, this ratio was 2.4 ± 0.9 % (range 0.07-3.6 %), and it was comparable with that of Piazzalunga et al. (2011) for PM 10 . Also in this case, lower values were recorded during summer months. Several studies provided emission factors for various types of biomass combustion (i.e., savanna, agricultural waste, residential wood burning, etc.), by considering emissions of trace gases and aerosol from biomass burning (Andreae and Merlet 2001; Szidat et al. 2006; Wang et al. 2007) .
Actually, results of burning tests on biomass (considering both types of wood and plants) in Italy and also in Europe are still scarce; further, limited information is available on the types of burning plants of the Veneto region. To estimate the percent contribution of biomass combustion to OC, the factor calculated by Szidat et al. (2006) by averaging literature data of emission ratios was used in this work. The percent contributions of biomass burning to the OC during cold and warm periods are given in Table 2 . In the same way, the contribution to PM 2.5 was calculated. In this case, the emission ratio considered was that of Andreae and Merlet (2001) for agricultural residues. As an annual average, 18 % of the PM 2.5 originated from biomass burning, especially during the cold period. This value was higher than that reported in other studies (Wang et al. 2007; Reche et al. 2012) . The contribution to OC was on average 29 % for all the sampling campaign, and during wintertime, the biomass burning contributed for 56 ± 20 % to OC. Results obtained from other studies reported average contributions in the range of 19-50 % in PM 10 during the cold period (Szidat et al. 2006; Piazzalunga et al. 2011) . A very little contribution of biomass burning to OC and PM 2.5 occurs also during the warm period, particularly at the end of July (27 and 28) and in September (3). This underlines a source of biomass burning pollution in Venice-Mestre area also in summer season, probably for agricultural activities.
Conclusions
This study is the first one that investigates the importance of biomass burning in the Venice-Mestre area by determining the concentrations of PM 2.5 , OC, EC, TC, LG, and inorganic ions in the station of Malcontenta. PM 2.5 values above 100 μg m −3
were recorded in two occasions and highlighted the critical situation for air quality of Po Valley due to weather conditions, external transport, and orographic features. Results showed that wood is still used and biomass burning can be an additional local source of particulate air pollution, in particular during the cold period. Because few data are available in Italy, this study also provides an estimation of biomass burning in the Venice-Mestre area. The main findings of this work can be summarized as follows:
& Total ions accounted for 15-53 % of PM 2.5 with an annual average of 31 %. Nitrate was the most abundant ion (44 %) followed by sulfate (29 %), ammonium (14 %), and both potassium and chloride (4 %). & TC accounted for 36 and 23.4 % of PM 2.5 in the cold and warm period, respectively. During cold period, OC and EC represented 78.4 and 21.5 % of TC, while during warm period 62 and 38 %, respectively. & LG concentrations were higher during the cold period and comparable to those found in the Lombardy region rather than to those of other European urban sites, thus underlining that in the study area, wood is still used especially in winter. & The EC/TC and relationships among biomass burning indicators denoted a major contribution of biomass burning during winter, probably because of the lower wood combustion during warm period near the sampling site. & The OC/EC ratios mean values were higher during colder months; the annual range was 1.1-10.1 and comparable with other Italian studies. A large variability of OC was observed during the cold period probably due to local contribution, while during the warm one, the regionalscale SOA leads to homogenous contributions and to lower OC variability. & CPF and CBPF showed that wind speed and wind directions can play an important role on the transport of biomass burning indicators, which could be linked with both local and external contributions. & A CWT model, applied on OC, LG, and K + , was used to identify the potential transboundary transport. Results indicate that Eastern and Central Europe can influence the eastern part of Po plain. In fact, two episodes of high biomass burning indicator concentrations were also investigated confirming that events of high pollution may be due to the transport of air masses from polluted areas. & The PSCF analysis was applied on the ratios of the biomass burning indicators. Results confirmed the variability of LG/OC, K + /OC, and OC/PM 2.5 among the seasons indicating that biomass burning is important in the Northeast Italy and Central Europe. & The contribution of biomass burning to OC and PM 2.5 was on average 29 and 18 %, respectively. This contribution was found important mostly during the cold period, but a little contribution, occurred also in the warm period, Here, the contributions of biomass burning to OC and PM 2.5 were calculated using the following equation: (LG/OC or PM 2.5 ) measured / (LG/OC or PM 2.5 ) reference revealed that wood is still an important source of pollutants from biomass burning also in summer because of agricultural activities.
